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1.  Introduction 


Dispersing  nanoscopic  particles  in  polymer  matrices  has  become  a  topic  of  intense  scientific  and 
practical  interest  over  the  last  two  decades  {1-4).  The  particles,  matrices,  and  applications  are 
greatly  varied,  including  highly  anisotropic  clay  platelets  for  improved  mechanical  and  barrier 
properties,  carbon  nanotubes  for  electrical  properties,  and  metallic  nanoparticles  for  electro- 
optical  applications.  While  some  of  these  efforts  have  been  very  successful,  in  general, 
dispersing  particles  with  a  critical  dimension  on  the  order  of  a  nanometer  has  proved 
challenging. 

Theoretical  results  from  Balazs  and  coworkers  indicate  that  controlling  parameters  such  as 
particle  size  and  miscibility  within  a  host  material  will  allow  manipulation  of  the  preferred 
position  of  particles  in  a  microphase  separated  diblock  copolymer  (5-7).  For  particles  perfectly 
miscible  within  a  copolymer  microdomain,  their  results  predict  a  relationship  between 
microdomain  size,  given  by  the  radius  of  gyration  (Rg)  of  the  overall  block  copolymer,  and  the 
size  of  the  particle  (R).  Relatively  large  particles,  where  R/Rg  >  0.3,  were  predicted  to 
preferentially  segregate  to  the  centers  of  the  microphase  separated  domains  of  the  particular 
block  in  which  they  are  miscible.  Smaller  particles,  R/Rg  <  0.2,  are  expected  to  segregate  to  the 
intennaterial  dividing  surfaces  between  microdomains.  Such  control  of  particle  location,  if 
feasible,  could  lead  to  a  broad  range  of  functional  materials  where  value-added  functionality  is  a 
result  of  both  the  nanoparticle  properties  and  the  organization  of  the  particles  on  a  nanometer 
length  scale. 

The  basic  tenets  of  these  results  have  been  shown  to  be  reasonable  in  several  systems. 

Bockstaller  et  al.  (5)  showed  that  large  silica  particles,  where  R/Rg  ~  0.26,  preferentially 
segregated  to  the  center  of  poly(ethylene -propylene)  (PEP)  domains  in  a  lamellar  poly(styrene)- 
6-PEP  (PS-6-PEP)  diblock  copolymer.  In  contrast,  3.5-nm  gold  particles  modified  with  C18 
alkane  ligands  segregated  to  the  edges  of  the  PEP  domain,  presumably  driven  by  the 
maximization  of  translational  entropy  for  the  small  (R/Rg  ~  0.06)  particles.  Work  by  Kim  et  al. 
(9)  demonstrated  that  the  addition  of  a  high  volume  fraction  of  nanoscopic  particles  can  alter  the 
morphological  behavior  of  a  diblock  copolymer,  PS-6-poly(2-vinylpyridene)  (PS-6-P2VP). 
Addition  of  2.5-nm-diameter  gold  nanoparticles,  functionalized  with  short  (1300  g/mol)  thiol- 
terminated  PS  ligands,  resulted  in  an  ordered  dispersion  of  the  gold  particles  in  the  center  of  the 
PS  domains  at  low  loadings.  In  that  case,  R/Rg  was  -0.24,  calculated  as  d/L  ~  5/21,  where  d  is 
the  particle  diameter  and  L  is  the  domain  period.  At  particle  loadings  of -15  volume-percent,  the 
lamellar  morphology  was  not  altered.  Higher  loadings  of  -25  volume -percent  particles  produced 
a  dramatic  shift  in  the  observed  morphology,  a  logical  result  and  in  agreement  with  model 
predictions  (6).  A  second  study  by  Kim  et  al.  {10)  examined  the  effect  on  nanoparticle 
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dispersion  of  variations  in  the  relative  surface  coverage  by  short  thiol-terminated  PS  ligands 
(3400  g/mol),  also  in  a  PS-b-P2VP  matrix.  As  a  result  of  the  inherent,  although  slight,  attraction 
between  Au  nanoparticles  and  P2VP,  it  was  shown  that  lowering  the  coverage  of  the  particle 
surfaces  with  the  PS  ligands  below  1 .3  chains/nnr  resulted  in  the  particles  localizing  at  the 
intennaterial  dividing  surfaces  between  microphase  separated  PS  and  P2VP  domains.  Finally, 
work  by  Lin  et  al.  (11)  examined  the  self-assembly  of  cadmium  selenide  (CdSe)  and  ferritin 
nanoparticles  in  a  spin  coated  thin  film  of  PS-h-P2VP.  In  that  case,  the  particles  were  stabilized 
with  tri-n-octylphosphine  oxide  (TOPO)  ligands.  When  thin  films  were  prepared  from  solutions 
containing  both  the  particles  and  the  matrix  polymer,  the  TOPO-CdSe  particles  segregated  to  the 
P2VP  domains,  resulting  in  a  pronounced  change  in  the  morphological  behavior  of  the  thin  films. 

In  the  present  work,  the  bulk  morphology  of  block  copolymer/nanoparticle  composites  has  been 
investigated.  Here,  CdSe  quantum  dots  have  been  dispersed  in  a  model  block  copolymer  and  the 
effects  of  ligand  molecular  weight  on  morphological  behavior  investigated  for  relatively  high 
molecular  weight  ligands.  The  matrix  material  has  been  chosen  so  that  a  well-defined  matrix 
morphology  allows  clear  imaging  of  the  effects  of  adding  nanoparticles.  Small-angle  x-ray 
scattering  (SAXS)  and  transmission  electron  microscopy  (TEM)  techniques  have  been  used  to 
determine  the  morphology  of  the  bulk  nanocomposite  samples. 


2.  Experimental 


CdSe/ZnS  core-shell  nanoparticles  were  synthesized  by  known  methods,  producing  quantum 
dots  of  3-4  nm  diameter  stabilized  by  TOPO  ligands.  These  CdSe/ZnS  nanoparticles  were 
functionalized  with  a  nitroxide-containing  phosphine-oxide  ligand  that  allowed  polymerization 
from  the  nanoparticle  surface  by  controlled  free-radical  polymerization  (12).  The  molecular 
weight  of  the  PS  ligands  was  then  determined  by  their  removal  from  the  particle  surface  and 
evaluation  by  gel  permeation  chromatography  (GPC).  Two  different  PS-functionalized 
nanoparticles  were  prepared,  with  PS  ligands  having  number  average  molecular  weights  (Mn)  of 
14,000  g/mol  and  81,000  g/mol. 

The  PS-b-PMMA  diblock  copolymer  (Polymer  Source,  Inc.,  Canada)  was  used  as  received.  The 
PS  block  has  a  Mn  of  85,000  g/mol,  the  PMMA  block  has  a  Mn  of  91,000  g/mol,  and  the 
polydispersity  index  of  the  copolymer  was  1.12.  The  block  copolymer  was  dissolved  in  toluene 
to  fonn  a  dilute  solution  of  ~2.5  weight-percent  polymer.  A  small  amount  of  a  stock  solution  of 
the  nanoparticles  in  toluene  was  added  to  the  block  copolymer  solution  so  that  the  nanoparticles 
would  comprise  ~5  weight-percent  of  the  final  material.  The  solvent  was  allowed  to  evaporate 
slowly  over  a  period  of  two  weeks,  after  which  the  bulk  samples  were  annealed  under  vacuum 
for  48  hr  at  130  °C. 
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Thin  sections  of  this  composite  material  were  prepared  for  electron  microscopy  by 
ultramicrotomy  using  a  Leica  UCT  microtome  and  a  diamond  knife.  The  sections  were  -50  mn 
thick.  Bright  field  TEM  was  performed  using  a  JEOL  200CX  operated  at  120  kV  accelerating 
voltage.  HAADF  STEM  experiments  were  performed  on  a  JEOL  201  OF  field  emission  electron 
microscope  operated  at  197  kV  with  a  70-pm  condenser  aperture.  Images  (512x5 12  pixels) 
were  acquired  using  a  Gatan  HAADF  scintillating  detector  with  linear  intensity  response  and 
collection  angle  ranging  between  50  and  115  mRAD.  For  presentation,  post- analysis  image 
enhancement  was  perfonned  with  Photoshop’'  5.0  using  standard  techniques,  including  gray- 
level  adjustment  and  brightness/contrast  manipulation.  These  adjustments  were  applied 
uniformly  to  entire  images. 

SAXS  data  were  collected  using  a  pinhole  collimated  instrument  with  an  approximate  sample- 
detector  distance  of  1 . 1  m  and  Cuk„  (a  =  1 .542  A)  x-rays  generated  at  2.4  kW  with  a  Rigaku 
Ultraxl8  rotating  anode  source.  Two-dimensional  (2-D)  data  sets  were  collected  using  a 
Molecular  Metrology  multi-wire  detector,  then  corrected  for  background  scattering  and  scaled  to 
absolute  intensity  using  a  previously  calibrated  type-2  glassy  carbon  standard.  The  2-D  data  sets 
were  then  azimuthally  averaged  giving  intensity,  1(g),  where  q  is  the  magnitude  of  the  scattering 
vector,  given  by  q  =  4jrsin(0)A,,  with  scattering  angle  20. 

Ultrasmall-angle  x-ray  scattering  (USAXS)  data  were  collected  at  a  wavelength  of  X  =  1.0256  A 
(12.1  keV)  on  the  Bonse-Hart  USAXS  instrument,  located  at  the  UNICAT  beamline  33-ID  at  the 
Advanced  Photon  Source  of  the  Argonne  National  Laboratory.  USAXS  data,  also  reported  as 
intensity  as  a  function  of  scattering  vector,  were  corrected  for  background  scattering.  Although 
the  USAXS  instrument  is  slit-collimated  and  thus  smears  the  data,  the  smeared  data  are 
presented  here  due  to  the  distortion  of  Bragg  diffraction  peaks  by  desmearing  algorithms.  All 
USAXS  and  SAXS  data  correction  and  analysis  were  perfonned  using  Wavemetrics  IGOR  Pro 
5.04B  and  procedures  written  by  Dr.  Jan  Ilavsky  of  the  Argonne  National  Laboratory. 


3.  Results  and  Discussion 


Figure  1  shows  a  representative  HAADF  STEM  micrograph  of  the  bulk  PS-6-PMMA  diblock 
copolymer  containing  CdSe/ZnS  quantum  dots.  Dispersion  of  the  QDs  was  achieved  via  surface 
modification  with  14,000  g/mol  PS  ligands.  The  technique  of  HAADF  STEM  provides  imaging 
in  which  contrast  is  generated  by  differences  in  local  average  atomic  number  (Z).  When  an  area 
of  increased  local  average  Z  is  encountered  by  the  convergent  beam,  the  electrons  are  elastically 
scattered  to  high  angles  and  are  detected.  Thus,  HAADF  STEM  images  depict  areas  of  increased 
average  atomic  number  as  bright  regions  amidst  a  dark  background  because  electrons  scattered  at 
small  angles  (i.e.,  by  lower  Z  regions)  pass  through  the  annular  detector.  The  lamellar 
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Figure  1.  High-angle  annular  dark  field  (HAADF)  STEM  micrograph  showing  the  lamellar 

morphology  of  the  PS-&-PMMA  block  copolymer  and  CdSe/ZnS  quantum  dots  with 
14,000  g/mol  ligand  dispersed  in  the  PS  (light)  domains. 

morphology  of  the  PS-b-PMMA  diblock  copolymer  matrix  is  clearly  visible,  with  alternating  PS 
domains  (light)  and  PMMA  domains  (dark).  Since  electron  irradiation  degrades  the  PMMA 
microdomains  more  severely  than  PS,  these  thinner,  less  dense  areas  produce  less  elastic 
scattering  and  the  PMMA  microdomains  appear  dark.  The  nanoparticles,  which  have 
significantly  higher  average  Z  relative  to  the  diblock  copolymer  matrix,  appear  clearly  as  bright 
spots.  The  lamellar  period  can  be  estimated  based  on  the  micrograph  to  be  ~63  mn.  In  figure  2, 
it  is  clear  that  the  nanoparticles  are  preferentially  dispersed  in  the  PS  domains,  a  direct  result  of 
the  selective  miscibility  of  the  ligands  used  to  functionalize  the  particle  surfaces.  Very  few 
nanoparticles  were  observed  in  the  PMMA  domains. 

A  representative  bright  field  TEM  micrograph  of  the  bulk  PS-6-PMMA  copolymer  containing 
QDs  modified  with  81,000  g/mol  PS  ligands  is  shown  in  figure  3.  Contrast  in  bright  field  TEM 
also  derives  from  variations  in  electron  density.  Electrons  that  interact  with  electron-rich  regions 
of  the  sample  are  scattered  to  high  angles  and  away  from  the  imaging  media,  resulting  in  contrast 
opposite  of  that  in  dark  field  mode.  In  figure  3,  the  majority  of  QDs  are  observed  in  small 
agglomerates  (dark),  although  these  agglomerates  generally  were  found  in  the  PS  domains  of  the 
microphase  separated  block  copolymer.  In  general,  few  if  any  isolated  particles  were  observed 
for  QDs  modified  with  the  higher  molecular  weight  ligand. 

The  SAXS  and  USAXS  data,  figure  4,  confirm  that  the  lamellar  morphology  of  the  neat  block 
copolymer  was  not  altered  significantly  by  the  addition  of  5  weight-percent  QDs.  The  SAXS 
data  show  complete  Bragg  diffraction  peaks  centered  at  <73  =  0.030  A'1  and  q$  =  0.050  A’1.  For 
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Figure  2.  HAADF  STEM  micrographs  illustrating  the  preferential  exclusion  of 

CdSe/ZnS  quantum  dots  with  14,000  g/mol  ligands  from  the  PMMA  (dark) 
microdomains  of  the  block  copolymer. 
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Figure  3.  Bright  field  TEM  micrograph  showing  small 

aggregates  (dark)  of  CdSe/ZnS  quantum  dots  with 
81,000  g/mol  ligands  in  the  PS-UPMMA 
copolymer  matrix.  The  large  MW  of  the  ligand 
makes  dispersion  of  the  nanoparticles  more  difficult 
by  effectively  increasing  particle  diameter. 

the  neat  block  copolymer,  a  third  complete  Bragg  diffraction  peak  is  observed  at  q-/  =  0.071  A'1. 
From  symmetry  operations,  a  lamellar  morphology  gives  rise  to  Bragg  reflections  which  occur  at 
values  of  q  that  are  integer  multiples  of  the  r/- value  for  the  primary  peak,  q  .  The  USAXS  data 
indicate  that  the  primary  Bragg  reflection  for  the  neat  block  copolymer  sample  lies  at  ~q 
=  0.010  A"1,  corresponding  to  a  lamellar  period  of  63  nm.  The  absence  of  the  even  multiple 
Bragg  reflections  (qi,  <74,  and  qe)  arises  from  the  nearly  equal  thicknesses  of  the  PS  and  PMMA 
domains  (13).  The  SAXS  and  USAXS  data  both  show  fewer  Bragg  peaks  for  the  samples 
containing  the  nanoparticles,  indicating  a  slight  decrease  in  long-range  order  in  those  samples. 

No  upturn  is  observed  at  the  lowest  regions  of  the  USAXS  data,  indicating  that,  if  larger  particle 
agglomerates  are  present  in  the  sample,  they  are  macroscopic  in  size  (14). 

These  findings  agree  with  reported  results  for  relatively  large  diameter  nanoparticles  dispersed  in 
block  copolymers  and  with  the  mean  field  model  predictions.  For  large  particles,  where  R/Rg  (or 
particle  diameter,  d,  divided  by  domain  thickness,  L)  greater  than  -0.25,  the  need  to  minimize 
the  entropic  effects  of  chain  stretching  outweigh  the  entropic  benefits  of  mixing  and  thereby 
drives  the  particles  to  the  center  of  the  block  copolymer  microdomains  in  which  they  are 
miscible.  Here,  even  though  the  CdSe/ZnS  particle  diameters  are  small  (3.5  nm),  the  addition  of 
the  PS  ligands  increases  the  effective  size  of  the  particle  significantly.  For  the  shorter  ligand, 
this  effective  particle  size  is  estimated  to  be  19.3  nm,  the  sum  of  the  3.5  nm  CdSe/ZnS  core 
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Figure  4.  SAXS  (open)  and  USAXS  (filled)  data  for  both  neat  PSA-PMMA  block  copolymer  and  block 
copolymer  with  dispersed  CdSe/ZnS  quantum  dots.  All  data  have  been  scaled  vertically  for 
clarity. 


diameter  and  twice  the  Rg  of  a  14,000  g/mol  PS  molecule  (7.9  nrn).  From  the  SAXS  data,  the  PS 
domain  dimension  is  estimated  to  be  approximately  35  nrn.  This  gives  a  d/L  ratio  of  -0.55,  well 
above  the  value  used  by  Balazs  and  coworkers.  The  dispersion  of  such  large  particles  in  block 
copolymers  illustrates  the  importance  of  the  enthalpic  interactions  in  determining  the 
morphology  of  these  composite  materials.  The  observed  morphological  behavior  of  the  sample 
with  the  longer,  81,000  g/mol  ligands  would  seem  to  provide  an  empirical  upper  bound  to  the 
length  of  the  ligand  that  should  be  used  to  disperse  a  particle.  In  that  case,  the  ligand  radius  of 
gyration  is  roughly  19  nm,  making  the  effective  particle  size  -42  mn.  Here  the  effective  particle 
size  is  greater  than  the  PS  domain  and  far  outside  the  limits  considered  by  Balazs  and  coworkers. 
The  lack  of  single,  dispersed  nanoparticles  in  favor  of  small  clusters  indicates  that,  perhaps  even 
in  solution,  aggregation  is  favored  when  the  nanoparticles  are  modified  with  a  long  ligand. 
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4.  Conclusions 


Nanoscopic  quantum  dots  of  CdSe  with  shells  of  ZnS  were  functionalized  with  PS  ligands  and 
dispersed  in  a  bulk  PS-h-PMMA  copolymer.  Two  relatively  high  ligand  molecular  weights, 
14,000  g/mol  and  81,000  g/mol,  resulted  in  dramatically  different  behaviors.  Particles  modified 
with  the  14,000  g/mol  ligand  dispersed  in  the  PS  lamellae  of  the  microphase  separated  block 
copolymer,  while  those  modified  with  the  higher  molecular  weight  ligand  were  found  almost 
exclusively  in  small  aggregates.  In  both  cases,  the  effective  diameter  of  the  particle  (including 
ligands)  was  greater  than  that  considered  in  previous  calculations,  and  the  dispersion  of 
nanoparticles  with  R/Rg  ratios  as  high  as  0.55  illustrates  the  importance  of  enthalpic  interactions 
on  morphological  behavior  in  such  nanoparticle/polymer  composites. 
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